This study investigated the feasibility of a two-step process for the removal of benzene from buffered synthetic wastewater. Benzene is outside the scope of enzymatic removal. In order to remove it from wastewater using enzyme, its pretreatment by modified Fenton reaction was employed to generate the corresponding phenolic compounds. In the first phase, the optimum pH, H 2 O 2 and Fe 2þ concentrations and reaction time for the Fenton reaction were determined to maximize the conversion of benzene to phenolic compounds without causing significant mineralization. The pretreatment process was followed by oxidative polymerization of the phenolic compounds catalyzed by a laccase from Trametes villosa. Factors of interest for the three-hour enzymatic treatment were pH and laccase concentration. Under optimum Fenton reaction conditions, 80% conversion of the initial benzene concentration was achieved, giving a mixture containing oxidative dimerization product (biphenyl) and hydroxylation products (phenol, catechol, 
INTRODUCTION
Benzene, a member of the BTEX family, is a priority pollutant in the EPA's Toxic Release Inventory (TRI) (EPA 2008) and Environment Canada's National Pollutant Release Inventory (NPRI) list (Environment Canada 2008) . BTEX generally co-occur at hazardous waste sites and contaminate air, water, and soil (EPA 2008) . The methods used to remove such aromatic contaminants from the environment include volatilization, photo-and chemical oxidation, adsorption, bioaccumulation and biodegradation (Health Canada 2009). However, many of these treatment methods do not result in complete destruction of the chemical unless followed by catalytic oxidation (Xu et al. 1995) .
Enzymatic treatment is an innovative and effective alternative for removing toxic aromatics from aqueous solution (Ibrahim et al. 2001) . The advantages of using these ''green catalysts'' over conventional methods are: capability of treating bio-refractory chemicals over wide pH, salinity and temperature ranges, reduced sludge volume, no acclimation period or shock-loading effects. The enzyme laccase requires oxygen and produces water as the only byproduct (Riva 2006) in oxidizing simple phenols, diphenols, substituted polyphenols, aromatic amines and benzenethiols (Yaropolov et al. 1994) . Under laccase catalysis, a phenolic substrate undergoes a one-electron oxidation to an aryloxy radical, which undergoes chemical coupling to generate dimeric and thence oligomeric derivatives through subsequent enzyme cycles (Baratto et al. 2006) . The resulting polymers have lower solubility in water and can be removed by filtration or sedimentation (Torres et al. 2003) .
In order to remove benzene by enzymatic treatment, it must be oxidized to phenolic compounds. Highly reactive hydroxyl (OH) radicals, from the Fenton reaction, can result in the complete destruction of BTEX to CO 2 , water and inorganic salts (Neyens & Baeyens 2003) . Conventional Fenton reaction to remove BTEXs is performed under conditions which are harmful to the environment (Palmroth et al. 2006) . However, as a pretreatment, controlled Fenton reaction might oxidize BTEXs (Zeng et al. 2000) to the corresponding phenols (Xu et al. 1995) . A combined chemical-enzymatic treatment would be a more environmentally benign process to treat BTEXs.
This study demonstrates a such a two-step process for treatment of benzene. Production and consumption of OH in the proposed pre-treatment process is influenced by reagent conditions, Fe 2þ , Fe 3 þ , benzene and H 2 O 2 concentrations, pH, and the mutual relationships among these parameters (Neyens & Baeyens 2003) . In the first phase, the optimum pH, H 2 O 2 and Fe 2þ concentrations and reaction time for the modified Fenton reaction were determined to maximize conversion of benzene to phenolic compounds. Laccase-catalyzed reaction was then optimized for enzyme and substrate concentrations, pH, temperature, reaction time, and susceptibility to inhibition.
MATERIALS AND METHODS

Materials
Laccase from Trametes villosa (SP-504; EC 1.10.32, batch # 1999-00091) was provided by Novozymes North America, Inc. (Franklinton, NC), nominal activity of 200 LACU/mL at pH 5.5 and room temperature. A unit of activity (LACU) is defined as the number of micromoles of substrate converted per minute under standard conditions (see below). The enzyme was stored at À151C. A sub-stock solution was prepared from it and was stored at 41C. MES buffer and syringaldazine (4-hydroxy-3,5-dimethoxybenzaldehyde azine) for the laccase activity test were purchased from Sigma Chemical Co. (St Louis, MO), as was catalase (E.C. 
Methods
Substrate concentration assay: HPLC was used for the aromatic compounds and standard curves were constructed: isocratic elution with 20:80 (v/v) acetonitrile: 0.1% acetic acid, monitored at 280 nm for phenol, resorcinol, catechol, hydroquinone and benzoquinone; isocratic elution with 37:63 (v/v) acetonitrile:0.1% acetic acid, monitored at 254 nm for benzene; isocratic elution with 70:30 (v/v) acetonitrile:0.1% acetic acid, monitored at 280 nm for biphenyl. For the concentration of phenolic compounds in a reaction mixture, a gradient elution of acetonitrile:0.1% acetic acid ranging from 20:80 (v/v) to 37:63 (v/v) at dual wavelengths of 254 nm and 280 nm was also used.
Laccase activity assay: This was based on the rate of syringaldazine being oxidized to its corresponding quinone. One unit (U) of laccase activity at pH 5.5 is defined as the amount of enzyme required for the conversion of 1.0 mol of syringaldazine/minute.
Buffer preparation: Buffers were prepared according to Gomori (1955) : acetic acid and sodium acetate for the pH range from 3.0 to 5.5; monobasic and dibasic sodium phosphate for the pH range from 5.6 to 7.5; bicarbonate for the pH range 8.0 to 11.5.
Analysis of insoluble products: Most of the Fenton reaction products were soluble in water. However, biphenyl precipitates out of solution easily. In order to identify it, a 60:40 (v/v) solution of acetonitrile and water was used. This mixture was stirred vigorously to make sure all the biphenyl dissolved. This 60% acetonitrile solution was used for biphenyl's identification and quantification by HPLC.
TOC Analysis: TOC analysis was performed on the Fenton reaction samples. Samples were acidified and microfiltered prior to making the 100 L sample injection.
Experimental procedure
Batch reactor optimization of the Fenton reaction parameters: Batch reactors were set up to study the effect of pH, [Fe 2þ ], [H 2 O 2 ] and reaction time at room temperature, approximately 221C. Sealed 35-mL batch reactors used for the study contained a buffered solution of benzene (6 mM) along with various concentrations of Fe 2þ . Hydrogen peroxide was added to initiate the reaction and the reactors were mixed vigorously with Teflon-coated stir bars and a magnetic stirrer. After an appropriate reaction period, the reaction mixture was quenched with sodium hydroxide and catalase. The addition of base brought the pH to 7.0 and most of the Fe 2þ present in the solution was converted to Fe 3 þ which precipitated out of the solution. Catalase ensured that there was no residual H 2 O 2 left in the samples. Samples were filtered through 0.2 mm HT Tuffryn membrane filters and analyzed for benzene and phenolics by HPLC.
Batch reactor optimization of the enzymatic reaction parameters: After the pre-treatment reaction was stopped as above, the iron sludge was allowed to settle for one hour and the supernatant of the mixture was used for the enzymatic treatment. To determine the optimum reaction conditions for more than 95% removal of the phenolics, batch reactors were set up containing 20 mL of buffered solution of a mixture of these phenolics. The effects of pH and enzyme concentration over a fixed reaction period were monitored at room temperature. Enzyme was added to initiate the reaction in the open, magnetically-stirred batch reactors. After an appropriate reaction period, the reaction mixtures were quenched with sulfuric acid. Samples were filtered as above and analyzed for residual aromatics by HPLC.
RESULTS AND DISCUSSION
In order to determine the most effective system for benzene removal via the proposed method, optimum conditions were established for both the Fenton reaction and enzymatic reaction. All discussions of optima in this paper refer to local optima as determined for the parameter in question within the respective ranges specified.
Process parameter optimization for Fenton reaction
Neyens & Baeyens (2003) Optimum pH for benzene conversion: Conversion was studied over a pH range 3.0-6.0 for a 3-hour reaction period. Higher conversion was achieved in the pH range of 3.0-4.0 (Table 1) , but in this pH range phenolic compounds were accompanied by unidentified products. Preliminary analysis suggests the latter to be ring-opened products. At pH 5.0, Table 1 represent phenol, benzoquinone and benzenediols generated in the Fenton reaction most of the benzene conversion produced aromatic compounds (phenol, 3 benzenediols, benzoquinone) (Table 1) . However, at pH around 5.5 and higher, the conversion of benzene was reduced significantly due to iron precipitation, which was visible. TOC analysis of the reaction mixtures (batch reactors containing 6 mM benzene, 6 mM Fe 2þ , 10.8 mM H 2 O 2 at pH 5.0, 1 hour reaction period) at different pHs was performed to ensure that there was no significant carbon loss from the system due to mineralization. At pH 5.0, only 0.4% carbon was lost, while about 3% and 10% starting carbon were lost at pH 4.0 and pH 3.0, respectively. It is speculated that this carbon loss is due to the mineralization of benzene. The mass balance at pH 5.0 indicates that most of the benzene conversion resulted in phenolic compound production without causing significant ring opening.
The focus of this study was to use Fenton pretreatment to maximize conversion of benzene into the corresponding phenolic compounds with minimum mineralization and to remove those phenolic compounds by enzymatic treatment. In spite of lower benzene conversion at pH 5.0, 70% of the benzene contributes to the mixture of aromatic compounds. The phenolic compounds can be removed by enzymatic treatment. Biphenyl precipitates out of solution due to its low water solubility. Although benzoquinone is not a laccase substrate, preliminary results indicate that it can be removed by using additives, which is promising. This would improve the overall removal efficiency significantly. In this case, it is expected that carbon removal will be significantly higher than that of pH 3.0 and 4.0. Therefore, it can be concluded that for the proposed treatment system, the best pH for the Fenton stage is 5.0.
Optimum Fe 2 þ concentration for benzene conversion: The mutual relationship between pH, [Fe 2þ ], [H 2 O 2 ], etc. has a profound effect on hydroxyl radical generation. Figure 1 indicates the maximum amount of phenolic product generation occurs at [Fe 2þ ]/[benzene] of 1.0. This phenomenon can be explained by the nature of the Fenton reaction, which begins by producing OH Equation (1).
Aromatic compounds (RH) compete with ferrous ion for OH Equations (2) and (3); (Neyens & Baeyens 2003) . At high [Fe 2þ ], the iron acts as a stoichiometric reactant, not as a catalyst (Yoon et al. 2001) , the conversion of benzene does not stop at phenolic compounds.
Conversely, at low [Fe 2þ ], H 2 O 2 decomposition to OH is low (Equation (1)). In this situation, OH reacts to a greater extent with H 2 O 2 and generates HO 2 (Equation (4)). This additional HO 2 reduces ferric to ferrous ion (Equation (5)) (Neyens & Baeyens 2003) . Through Equations (4) and (5), H 2 O 2 acts as an OH scavenger. These could be the reasons for poor phenolic compound production efficiency when [Fe 2þ 
When sufficient Fe þ 2 is present in the system, H 2 O 2 is no longer available to act as an OH scavenger (Equations (4) and (5)) (Yoon et al. 2001) , and a larger amount of OH is available for phenolic compound generation. In this study, [Fe 2þ ]/[benzene] of 1 appears to be optimum for benzene conversion to phenols.
Optimum H 2 O 2 concentration for benzene conversion: Figure 2 shows that the best ratio to achieve maximum conversion of benzene to phenolic compounds is 1: 1.8.
At lower H 2 O 2 concentrations, production of phenolic compounds was low due to insufficient H 2 O 2 . At high H 2 O 2 concentrations, higher conversion of benzene was observed. However, the concentration of phenolic compounds produced during the reaction decreased. The lower yield of phenolic compounds is due to hydroxyl radicals' reacting with these chemicals and generating further oxidation products. A complete understanding of the reaction between benzene and H 2 O 2 at high peroxide stoichiometry has not been attempted here. Optimum reaction time for benzene conversion: To avoid mineralization, the formation of the phenolics from benzene was monitored over a three-hour reaction period to find out a suitable reaction time. Table 1 indicates that at pH 5.0, 60 min of reaction time was sufficient.
Identification of reaction products: pH adjustment from 5 to 7 after the reaction forms an iron coagulant mixture. In order to determine the loss of benzene and other phenolic compounds by adsorption to the coagulants, a control experiment was run: less than 10% of benzene and phenolic compounds were lost in the coagulation process, except for catechol: about 40% of it was removed by the iron gel. Xu et al. (1995) proposed that benzene undergoes hydroxylation by OH to form an unstable intermediate which undergoes oxidation to either phenol or biphenyl. The phenol undergoes further hydroxylation to the corresponding diols (McIntyre 1999) . The Fenton reaction product analysis revealed that at pH 5.0, about 80% of the starting benzene was converted to a mixture of phenol, catechol, resorcinol, hydroquinone, benzoquinone and biphenyl.
Process parameter optimization for enzymatic removal of reaction products
As the second step of the treatment process, the optimal conditions needed to obtain Z95% conversion (an arbitrary benchmark for ease of comparison) of these aromatic compounds were determined. The factors of interest were pH, minimum enzyme requirement and reaction time.
Quantification of reaction products: After the Fenton pretreatment process, HPLC analysis of the reaction mixture (batch reactors containing 6 mM benzene, 6 mM Fe 2þ , 10.8 mM H 2 O 2 at pH 5.0, 1 hour reaction period) gave the following results, expressed as percentages of the initial benzene equivalents : biphenyl, 4.03; hydroquinone, 15.43; resorcinol, 4.51; benzoquinone, 33.47; catechol, 0.65; phenol, 17.30; unreacted benzene, 22.34 ; unaccounted for 0.94. Previous studies have established that phenol and benzenediols (catechol, resorcinol and hydroquinone) are good substrates of laccase (Saha et al. 2010) . Biphenyl precipitated out of the reaction mixture. A large amount of benzoquinone is also generated in the process. A pH study on hydroquinone indicates that above pH 6.5, it undergoes chemical oxidation (by ambient oxygen) to form quinone or semi-quinone structures (Saha et al. 2010) . As the Fenton reaction is stopped at pH 7.0, it possible that some of the hydroquinone is converted to benzoquinone during the iron removal process. On the other hand, it is also possible that benzoquinone is generated from hydroquinone in the Fenton reaction itself. Both benzoquinone and biphenyl are outside the scope of laccase-catalyzed removal due to their chemical structures.
Effect of pH on conversion of phenolic compounds: Previous studies have established that, when laccase was acting on an equimolar mixture of phenol and the benzenediols, the best removal was achieved at pH 5.6 (Saha et al. 2010) .
Effect of enzyme concentration on the conversion of phenolic compounds: In a previous study, the optimum enzyme requirements of phenol, catechol, resorcinol and hydroquinone at different concentrations were determined. For each substrate, the enzyme concentration required increases linearly with the substrate concentration (Saha et al. 2010) . Thus, the prorated enzyme requirement for the reaction mixture generated after the Fenton reaction would be 0.09 U/mL. However, the batch reactor results (Figure 3) indicate that, for Z95% substrate conversion, 2.5 U/mL of laccase was required. This amount is even higher than the laccase requirement for an equimolar mixture of phenol and benzenediols (1.0 mM each; Saha et al. 2010) . The high enzyme requirement could be due to the presence of some iron remaining in the solution. Control studies have shown that the presence of iron can cause laccase inactivation (data not shown).
